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The three different cytochromes which can be differentiated by
their absorption bands were described by Keilin in 1925. The
cytochromes are designated as a^, or £. It was determined later that
heart muscle preparations also contained a cytochrome which resembles
cytochrome a in relation to its absorption bands but differs in its
sensitivity to carbon monoxide. This particular cytochrome was
designated as
Heart muscle is found to contain relatively large concentrations
of cytochrome c. It is the only readily soluble cytochrome. It
consists of a proteiri with an iron-containing prosthetic group similar
to but not identical with the heme of hemoglobin. In oxidation and
reduction, the iron changes in valence. Cytochrome oxidase is required
for its oxidation, although it is easily reduced by fairly mild
reducing agents.
Some evidence indicate that the enzyme cytochrome £ oxidase is
a combination of cytochromes £ and a^ cytochrome a^ reacts
iii
directly with oxygen (Keilin and Hartree 1938, 1939; Chance and Williams,
1955; Smith, 1955). The combination can rapidly oxidize ferrocytochrome
Cj either when the cytochrome £ and attached to
insoluble particulate materials or when the cytochrome £ is in solution
and the cytochromes £ and a^ are particle-bound. The reaction is
usually represented as:
cytochrome £ »■ cytochrome £ —; *■ cytochrome £2 -O^
These reactions pinpoint the aims of this study, which are to
purify beef brain cytochrome £ oxidase and investigate its interaction
with polylysine and cytochrome £. This study evaluates the inhibitory
effect of polylysine on cytochrome £ oxidase and the effectiveness of
ATP and ADP to reverse this inhibition. An evaluation has been made of
different concentrations of polylysine in the inhibition of the
enzymatic activity and the effect of different concentrations of ATP and
ADP on the inhibitory effect of the holoenzyme.
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The holoenzyme cytochrome c oxidase is a terminal enzyme of the
mitochondrial respiratory chain and one of the major proteins of the
mitochondrial inner membrane. It was first recognized by McMunn (1884)
as myohematin. Keilin and Hartree (1938) named the enzyme cytochrome c_
oxidase as opposed to indophenol oxidase originally used by Keilin.
Cytochrome c^ oxidase was shown to consist of two dichroic hemes, £ and
a_2 and that cellular respiration depends on a heme (Keilin and Hartree,
1939). Copper was detected in cytochrome c oxidase by Keilin and Hartree
(1938) and confirmed by others, Rawlison and Hale (1949); and h’arburg
(1949).
The enzyme also contains iron; with a copper to iron ratio of 1:1.
There are two copper ions in the enzyme. One is associated with heme
£ and the other with heme a^- The copper associated with heme £ is in
the *2 redox state. Chance and Williams (1955) reported that Cu^^
participated in the redox reaction of the enzyme. The function of CUg^
3
in the enzyme appears to be that of an immediate electron donor.
Early works of Keilin indicated that ferrocytochrome £ is oxidized
by cytochrome £ oxidase in the presence of oxygen. Waino (1955)
further showed that cytochrome £ oxidase is partially reduced under
anaerobic conditions with partial oxidation of ferrocytochrome £.
Cyanide and carbon monoxide (CO) were found to affect the absorption bands
at 605 nm and 445 nm. These bands are diminished in height and shift to
1
603 nm and 428 nm, respectively. Cyanide combines with the oxidized
form of the enzyme; the degree of respiratory inhibition by cyanide
and carbon monoxide compete with oxygen for the reduced form of the
enzyme. However, cyanide may combine with the heme while oxygen
reacts with the copper.
Recent studies in our laboratory have indicated that cytochrome £
oxidase could be resolved into seven polypeptide subunits by SDS-
polyacrylamide gel electrophoresis. Moreover, Kukoyi and Moore (1982)
have shown that subunit VII is associated with copper. Copper, in
catalytically active cytochrome £ oxidase serves as an intermediate
electron donor.
The aim of this study was to investigate the kinetics of the
holoenzyme cytochrome £ oxidase from beef brain. .The study
incorporated the use of different concentrations of polylysine in
the inhibition of the enzymatic activity; and the effect of different
concentrations of ATP and ADP on the inhibitory effect of polylysine.
CHAPTER II
REVIEW OF LITERATURE
The discovery of iron containing pigment in muscle tissue was
discovered by Charles A. McMunn in 1884. He called it myohematin
which was a respiratory pigment of a protein nature analogous to
hemoglobin.
Keilin (1925) reported the presence of an iron containing pigment
in a wide variety of cells which could undergo reversible oxidation and
reduction. Using the spectra he identified three closely related
substances which he called cytochrome to signify cellular pigments
and showed these myohematin reported earlier by McMunn.
Warburg (1927) stressed the importance of iron in cellular
oxidation, and believed that cellular oxidation was carried out by
respiratory pigments, the active portion of which resembles hematin
and hemoglobin. Warburg used the term oxidase, and Keilin and
Hartree (1938) named the enzyme cytochrome oxidase to replace
indophenol oxidase used earlier by Keilin.
Cytochrome c oxidase first reported by Keilin and Hartree (1938)
was found to be located in the inner mitochondrial membrane. As the
last member protein of the mitochondrial electron transport chain it
catalyzes the transfer of electrons from cytochrome c_ to molecular
oxygen. Keilin and Hartree (1939) studied the effects of cyanide and
carbon monoxide on the spectra of cytochrome c oxidase from yeast and
heart muscle. They found that the absorption bands at 605 and 445 nm
3
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assigned previously to cytochrome a belong to two separate cytochromes.
Cytochrome a was defined as the component which did not combine with
cyanide, (CN") carbon monoxide, (CO) and oxygen, (O2). The absorption
band at 445 nm first observed by Warburg and Negelin (1931) was
attributed to cytochrome and this cytochrome was the component which
did react with CN“, CO, and 02* Cytochrome oxidase, therefore, consisted
of a combination of cytochrome £ and cytochrome Together they have
the capability of oxidizing ferrocytochrome £ and the reduction of
oxygen. Also, the inhibitory effect of CN- on cellular respiration was
due to the combination of this hemoprotein complex.
The idea that the copper in the cytochrome oxidase was present as
Cu*^ received support from Sand and Beinert (1959), who used the non¬
destructive Electron Paramagnetic Resonance (EPR) technique and found
that Cu was present in the enzyme.
The optical spectroscopy studies by Power, et al. (1979) provided
new data on the nature and function of copper in cytochrome £ oxidase.
Cytochrome a^ had appropriate properties for rapid combination with
oxygen under a variety of conditions (Ludwig and Kuby, 1955). The role
of copper (Cug^ ) appeared to be that of an immediate electron donor.
3
Warburg (1924) was the first to suggest that a reduced iron
containing enzyme should be the point of attachment of carbon monoxide
and cyanide. This was based on the inhibitory effect of cyanide on
respiration (Warburg, 1924).
Anson and Mirsky (1925) were the first to separate the prosthetic
group of cytochrome oxidase using pyridine to extract the heme. Two
hemochromes were identified: one which corresponded to the heme of
hemoglobin, and another with the a (alpha) band of heme. Morrison and
5
Stotz (1955) verified that a two banded pyridine hemochrome whose peaks
were centered at 430 nm and 587 nm can be prepared from mammalian heart
muscle to form soluble preparations of cytochrome £ oxidase.
A number of investigators have succeeded in solubilizing and
purifying the enzyme system which catalyzes the oxidation of ferro-
cytochrome £ by oxygen (Okunuki, et al., 1955; Smith and Stotz, 1954;
Griffith and Wharton, 1961). The product described by Smith and Stotz
had a minimal molecular weight of 100,000 per heme £ and contained
approximately 10 percent unidentified lipids. This preparation was
homogenous on ultracentrifugation and was apparently in a polymeric
state (Takemori, et al., 1961). Waino, et al. (1947) successfully
prepared a soluble cytochrome oxidase with deoxycholate in order to
obtain a preparation suitable for spectroscopic observation.
Straub (1941) was one of the first to solubilize cytochrome
oxidase. The further purification of the enzyme has been the subject
of studies using extraction with bile salts, digestive enzymes such
as trypsin, snake venom and fractionation with ammonium sulfate (Smith,
1945, 1955). In most instances cytochrome oxidase is kept in a solution
with the aid of bile salts such as cholate and deoxycholate, which are
inhibitory to the enzyme activity, especially in highly purified
preparations of this enzyme (Waino, et al., 1955). These inhibitory
effects have been overcome with synthetic nonionic detergents such as
the Tritons (Yonetani, 1959).
Several procedures have been published for the purification of
cytochrome oxidase from yeast. According to Mason, et al. (1973) none
of these procedures proved to be satisfactory because in each case the
final product had a low content of heme a and exhibited a large number
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of bands upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Mason, et al. (1973) described a purification procedure which
reproducibly yielded cytochrome oxidase of high heme £ content and good
enzymatic activity.
The holoenzyme has been purified from rat liver and beef heart
mitochondria by several investigators (Keilin and Hartree, 1938;
Capaldi and Hayaishi, 1972; Yamato and Okunuki, 1972) but no attempt was
made to isolate the enzyme from beef brain until Moore, et al. (1973).
Cytochrome c^ oxidase was found to be a copper-containing protein by
Warburg, et al. (1949). Keilin and Hartree (1938) had previously
detected copper in cytochrome c_ oxidase preparations. Initial chemical
determination indicated that copper was present as Cu^^ in the resting
enzymes. The ratio of copper to heme was very close to 1 or at least
sufficiently below 2. An ideal 1:1 ratio between heme and copper
was probable. Since cytochrome £ oxidase contains iron and copper, a
binuclear spin paired Fe-Cu complex was proposed as a possible structure
for cytochrome a^^ and its associated copper (Chance, et al. (1975).
Also, that role of copper (CUg^ ) appeared to be that of an immediate3
electron donor (Chance and Williams, 1955).
Since the early work of Keilin in 1925, ferrocytochrome £ was known
to be oxidized by cytochrome £ oxidase preparations in the presence of
oxygen. Sezuku, et al. (1959) reported that cytochrome £ oxidase was
not oxidized by molecular oxygen in the absence of cytochrome £. It was
further suggested that a cytochrome £ was essential to cytochrome £
oxidase and the heme a component was non-auto oxidizable.
Yonetani (1960) found that cytochrome £ mediated electron transfer
between both cytochromes £ and cytochrome a and a^. From these studies
it seemed possible that the aerobic steady state of cytochrome £ oxidase
in the presence of cytochrome £ and ascorbate might have provided a very
convenient and important means for examining the properties of the
enzyme in a functional state. This was in agreement with the findings
of Chance and Williams (1955), and Yonetani (1960), who demonstrated
that reduced cytochrome £2 can rapidly react with oxygen in the absence
and presence of cytochrome £. The importance of cytochrome £ was to
accelerate the oxygen uptake in the reacting system. It has been
observed that when cytochrome £ was removed from mitochondria by KCl
extraction, the reduction of oxidized cytochrome £2 slower and was
normalized when exogenous cytochrome was added back to the system.
There are a number of methods by which cytochrome £ oxidase
«
activity can be measured. These include manometry, spectrophotometry
and polarography.
Cytochrome £ oxidase contains a dichroic heme and copper atoms.
Heme £ and are each associated with copper. It was the copper that
played the major role in electron transfer especially in redox reaction.
Copper served as an intermediate between the cytochrome a and
cytochrome £2 in the reduction of oxygen by reduced cytochrome £. The
electron transfer reaction of hemoprotein of the respiratory chain can
be divided into categories: intermolecular transfer such as that between
members of the chain and intramolecular transfer within cytochrome c
oxidase itself of most appropriately, reactions between heme iron,
associated copper and molecular oxygen (Griffith and Wharton, 1961).
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Cytochrome c_ oxidase reaction is inhibited by cyanide and
polylysine. Cyanide binded with cytochrome a^ which prevented electron
transfer to molecular oxygen in the formation of water. On the other
hand, polylysine reversibly inhibited cytochrome _c oxidase (Miller,
et al., 1976). Polylysine is a polyvalent cation that replaced
cytochrome c_ by occupying the negative site available on the cytochrome
%
oxidase complex. Of particular relevance are variations in positively
charged lysyl residues that have been implicated in the interaction
between cytochrome £ and the oxidase (Heltinger and Harbony, 1964). All
the cytochromes £ tested have lysine that have high affinity binding at
the oxidase sites (Miller, et al., 1976). The polyvalent anion, ADP,
appeared to have caused the disappearance of the high affinity reaction
site in an uncompetitive manner, or its conversion into a low affinity ■
site. The high affinity reaction was very sensitive to anions, the
«
binding being inhibited by phosphate, ADP and ATP (Miller, et al., 1976).
The ATP was effective in its physiological concentration range, providing
a possible control mechanism for the oxidation of ferrocytochrome £.
Since oxidation of reduced cytochrome £ by cytochrome £ oxidase is
kinetically related to their interactions, the effects of polyvalent
anions, phosphate, ADP and ATP, on the kinetic properties of the
enzyme could be evaluated.
Ferguson, et al. (1975) reported that enzymatically effective high
affinity binding site for cytochrome £ in mitochondria was provided
by the cytochrome £ oxidase protein, not the mitochondrial membrane.
The functional competence of variant cytochrome c, as well as
chemically modified cytochrome £ was commonly quantitated by
9
application of steady state kinetic analyses for reaction of cyto¬
chrome c_ with mitochondrial cytochrome £ oxidase. The absorbance
change in the enzyme at the aerobic steady state depended on
ferrocytochrome £ concentration. This concentration was proportional
to the enzymic activity at a fixed ascorbate concentration (King, et al.,
1979).
The interpretation of this observation was that ferrocytochrome £
reduced specifically one heme £ of the functional unit of cytochrome
oxidase to form an enzyme species which reacted with oxygen to form
an enzyme substrate complex. The other heme £, activated by ascorbate,
stimulated the reaction which took place on the ferrocytochrome £
(King, et al., 1979).
Recent studies suggest that the protein component of cytochrome c
oxidase from a variety of eukaryotes was an oligomer consisting of a
number of different polypeptides subunits (Rubin and Tzagoloff, 1973).
Cytochrome £ oxidase from beef brain was shown to contain seven different
polypeptide subunits (Kukoyi and Moore, 1983; Kukoyi, 1983) part of
which are synthesized on mitochondrial ribosomes and part on cytoplasmic
ribosomes. Poyton and Schatz (1975) indicated that seven subunits of
yeast cytochrome £ oxidase forms a tight complex with one another
and that subunits synthesized in the mitochondrial and cytoplasm are




Beef brains used were supplied by Holifield Farm of Monroe,
Georgia. All chemicals and reagents were purchased from Fisher
Scientific Company. Spectrophotometric assays and kinetics were done
on DW-2a UV-VIS spectrophotometer purchased from American Instniment
Company, a division of Travenol Laboratories, Inc. Beckman’s model
35 Spectrophotometer was used in the determination of proteins.
Methods
Beef Brain Mitochondrial Preparation
All blood vessels and the pial membrane were removed from the
«
brain to expose the gray matter. The gray matter was removed by
aspiration and weighed. Five to 10 volumes of NEET (225 mM mannitol,
75 mM Sucrose, 0.1 mM Tris-EDTA pH 7.4, and 10 mf-1 Tris-HCl pH 7.4) were
added. For every 10 mg net weight of gray matter, 0.1 mg Bacillus
protease, and 10 mg potassiiim bicarbonate (KHCO^) were added. Protein
concentration and total protein in the mitochondrial preparation was
determined by the method of Lowry, et al. (1951). The spectral
characteristics of the preparation was observed using sodium diothinite
to reduce the cytochrome components of crude mitochondria. The procedure




Preparation of Brain Mitochondria. All Steps Conducted at 0-5^C
Gray Matter
(Homogenized in MSET with
B. proteinase and centrifuged
at 1,500 rpra for 3-5 minutes)
Pellet I
(Pellet washed by resuspending
in 5 volumes of MSET (225 mM
Centrifuge 12,000 rpm
for 5 minutes
mannitol 75 mM Sucrose, 10 mM
Tris-HCl pH 7.4) if bloody. •




Centrifuge at 15,000 for
5 minutes
Supernatant (discard)Pellets II and IV
Resuspend in 3 volumes of
MSET and place in Swinbucket
centrifuge through 0.8 M
Sucrose at 15,000 rpm for
15 minutes.
Crude mitochondrial pellet V
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Pellet V was assayed spectrophotometrically and the effects of
succinate and cyanide on the spectral characteristics of the mitochondria
were shown CFig. 1).
Cytochrome £ Oxidase Preparation
Removal of Outer Membrane of the Mitochondria
The outer membrane of the isolated mitochondria was removed by
resuspending the mitochondrial pellet in 20 volumes of 1 mM tris-
phosphate, pH 6.9. This hypotonic suspension was incubated at SO^C for
5 minutes. The mitochondria became extensively swollen under this
condition. The swollen mitochondrial suspension was homogenized at
high speed with tight pestle. After 3 passes, enough 1.0 M sucrose was
added to raise the molarity to 0.3 M sucrose. Homogenization was
continuted with 4-5 passes at high speed. The broken and/or swollen
outer membranes were stripped from the shrunken inner membrane by this
procedure. The preparation was centrifuged at 15,000 rpm for 5 minutes.
The resultant pellet was resuspended in 2 volumes of 0.15 M to 0.2 M
potassium chloride and centrifuged through 1.1 M sucrose at 25,000 rpm
for 30 minutes. The inner membrane sedimented and the supernatant
which contained the outer membrane and some of the cytochrome £ was
discarded.
Extraction of Cytochrome £
The resulting inner membrane pellet was resuspended by homo¬
genization at low speed in 4 volumes of water, and was allowed to stand
for 5 minutes at room temperature and homogenize while enough 0.5 M
KCl was added to a final concentration of 0.15 M KCl. The resultant
homogenate was allowed to stand for another 5 minutes at 0°. The
Figure 1. Crude mitochondrial spectra showing all its characteristic
cytochrome contents (A). Effects of cyanide (KCN) on the
mitochondrial spectrum (B). The effects of succinate on
the mitochondrial spectra (C). Succinate transfers electrons
in the presence of oxygen via reduced cytochrome £ oxidase




suspension was homogenized once more (5 passes) and centrifuged at
15-18,000 rpmfor 10 minutes. The supernatant was assayed spectro-
photometrically for cytochrome £ (Fig. 2), and the pellet used in the
next step.
Extraction of Cytochrome b/c
The pellet from the previous step was resuspended in 4 volumes of
10 mM Borate-K, 10.0 mM Phosphate-K pH 7.4, 205 mM Sucrose (BPS) to
which enough 1.0 KCl was added to a final concentration of 0.2 M.
Enough potassium cholate was then added to a final concentration of
0.8 percent. This suspension was allowed to stand for 20 minutes at
O^C and then homogenized at low speed (5 passes) and centrifuged at
20,000 rpm for 15 minutes. The pellet and supernatant solution were
assayed spectrophotometrically for cytochrome content (Fig. 3), and the
pellet used in the next step.
«
Triton X 114 Extraction
The pellet from the above was suspended in 4 volumes BPS-KCl,
(approximately 40 mg protein/ml), Triton X 114 was added to a final
concentration of 0.6 mg/mg protein, and the suspension homogenized at
low speed and kept at Ooc for 5 minutes before being centrifuged at
30,000 rpm for 20 minutes. The supernatant and pellet were assayed
for cytochrome b and aa^ (Fig. 4).
Triton ^ 100 Extraction
The pellet was resuspended to final concentration of 20 mg
protein/ml in BPS containing 0.5 M KCl and 0.8 mg of Triton X 100/mg
protein was added. The suspension was homogenized and centrifuged at
30,000 rpm for 20 minutes. The supernatant solution was saved and the
Triton X 100 extraction of the pellet was repeated at 1.2 mg of Triton
Figure Z. Cytochrome £ extraction. The spectrum showing cytochrome
. from the beef brain mitochondria, reduced with sodium
dithionite.
lO
Figure 3. Cytochromes ^ and £ extraction. The absorption spectra
of cytochromes ^ ana at sensitivity 0.2 and 0.1.
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Figure 4. Triton X 114 extraction. The absorption spectra of
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X lOO/mg protein. After the centrifugation the second supernatant
solution was also saved. Both supernatant solution contained cyto¬
chrome £ oxidase as shown in Fig. 5.
Ultrafiltration
Ultrafiltration was used to concentrate the sample since the enzyme
is more stable when concentrated and frozen at -60°C. The procedure
followed was first described by Moore (1964) . The dialysis tubing
(1 cm in diameter) was cut to the desired length depending on the
amount of sample to be concentrated. The dialysis tubing was soaked
in a 10 mM EDTA (Thylene-diamine-tretra-acetic acid) pH 7.4 for at
least 60 minutes. The tubing was thoroughly washed with the EDTA
solutions, followed by water. It was then tied at one end and allowed
to soak in distilled water for at least 60 minutes before being used.
The open end of the bag was stretched and pushed onto the open end of a
separatory funnel on which a rubber stopper of specific diameter was
already fitted. The bag was tied several times with silk or cotton
thread, to make sure that the dialysis bag would not come off when
subjected to vacuum pressure.
A side arm Erlenmeyer flask fitted with a column which was about
5 cm longer than the dialysis bag was previously placed in the cold room
where ultrafiltration took place. The purified cytochrome oxidase was
poured into the separatory funnel which lead into the dialysis bag. The
vacuum was slowly turned on to 1 to 10 microns. The ultrafiltration
took about 12 hours in the cold room (0°-50C), but because of the
negative pressure, the sample itself was at approximately -IQOC.
Figure 5. Absorption spectrum of purified beef brain mitochondrial
cytochrome c oxidase reduced with sodium dithionite 2.0 rag




Preparation of Ferrocytochrome £
Ferrocytochrome £ (the substrate for cytochrome £ oxidase) was
prepared by adding small amounts of ascorbate to 1 percent solution
of Sigma Type III horse heart cytochrome £ in the assay buffer CO-5 M
K-PO^, pH 7.4). The concentration of ferrocytochrome £ was calculated
-1 -1
using molar extinction coefficient (19.6 mM cm ).
Absorption spectra of purified cytochrome £ oxidase was obtained
and the effect of cyanide on the spectral characteristics of cytochrome £
oxidase was followed spectrophotometrically at room temperature.
The reaction mixture contained 0.95 ml of 0.5 M K-PO^, pH 7.4,
0.05 ml of 0.5 pM ferrocytochrome £, and the reaction was started by
adding 0.025 ml cytochrome oxidase (1.4 x 10*^ M).
The evaluation of the effect of polylysine on the cytochrome c
«
oxidation was conducted by including in the medium 0.10 ml of polylysine
to final concentration between 6.25 x 10~^ M to 5.0 x 10~^ M.
The rate of oxidation of ferrocytochrome £ was measured by the
decrease in absorbancy at 550 nm.
The effect of ADP and ATP on the polylysine inhibition of
cytochrome oxidase was evaluated by including 0.015 ml ADP (ATP) to
varied final concentration between 9.4 x 10 ^ and 7.5 x 10 ^ M.
CHAPTER. IV
EXPERIMENTAL RESULTS
Oxidized Cytochrome Oxidase vs. Oxidized Cytochrome Oxidase - Cyanide
(CN-)
The spectrum of cytochrome oxidase - CN“ in the sample cuvette and
oxidized cytochrome oxidase in the reference cuvette disclosed the X -
peak and a - peak at 445 nm and 590 nm as seen in Fig. 6, curve A.
Oxidized Cytochrome Oxidase vs. Reduced Cytochrome Oxidase - CN~
The preparation of oxidized enzyme - CN“ was reduced with sodivun
dithionite. There was an increase in the X - peak absorbance with a shift
to 452 nm. The a - peak showed no change at 590 nm CFig- 6, curve B).
Reduced Cytochrome Oxidase vs. Reduced Cytochrome Oxidase - CN~
The cytochrome £ oxidase preparation in the reference cuvette was
reduced with sodium dithionite. The spectrum showed a slight decrease
in absorbance and a broader X - peak at 452 nm. No change was revealed
in the ot - peak at 590 nm as Fig. 6, curve c shows.
The cyanide reduced oxidase can be treated as reduced cytochrome a^
in the different spectra since cytochrome was cyanide sensitive and
cytochrome a was not. These results represent different spectra of
cyanide reduced cytochrome oxidase vs. reduced cytochrome oxidase.
Isolation and Purification of Cytochrome c Oxidase
The absorption spectra of cytochrome £ oxidase isolated from beef
brain mitochondria as shown in Chapter III, Fig. 5, disclosed no
contamination from other cytochromes. The enzyme was reduced with sodium
21
Figure 6 Difference spectrum of cytochrome c oxidase (cyanide
reduce vs. reduce oxidase)
Key
Curve A - Oxidized Cytochrome Oxidase vs. Oxidized
Cytochrome Oxidase - Cyanide
Curve B - Oxidized Cytochrome Oxidase vs. Reduced
Cytochrome Oxidase
Curve C - Reduced Cytochrome Oxidase vs. Reduced
Cytochrome Oxidase
22
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dithionite. In the reduced form the characteristic bands a (alpha)
and \ (gamma) were shown at 603 nm and 445 nm. Also the 3 (beta) band at
517 nm was revealed.
The isolation and purification of cytochrome £ oxidase clearly
disclosed that this preparation was in agreement with the method developed
by Moore, et al. (1973). The preparation was found to be free of any
contamination by cytochromes and £. Further, the enzyme was shown
to be enzymatically active. This was indicated by the spectra kinetics
of the reoxidation of reduced cytochrome _c (Fig. 7).
Reaction Rates
All enzyme kinetic experiments followed the procedure explained in
Chapter IJI. From the results of each kinetic graph, numerous points
on each experimental line were used to compile data for Tables 1-9 and
11-28. The slopes were computed from the data table using many
’triangulation points from the lines. The reaction rates were computed
as: Rate = = slope. Using the data tables with the least squares
method, the slopes were determined as: Rate = = (least squares
slope). Completed data were computed on a Digital PDP1134 computer
employing LSQR least squares program.
Each of the 29 tables give the description of reactants with 7 to 13
data points and the calculated slopes of each line.
Table 10 shows the conversion of least squares slope, with varying
concentrations of ADP and polylysine, to the rate (AOD sec ) of the
reaction.
Table 29 shows the conversion of least squares slope, with varying
concentrations of ATP and polyiysine to the rate (AOD sec~^) of the
reaction.
Figure 7. Spectra kinetics of the reoxidation of cytochrome c





















SLOPE = .99 X 10
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TABLE 2
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C















SLOPE = 2.01 X lO"^
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TABLE 3
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C















SLOPE = 2.45 X lO"^
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TABLE 4
DATA FOR THE SLOPE OF THE OXIDATION -OF FERROCYTOCHROME C
















SLOPE = 2.60 X 10
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TABLE 5
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
















SLOPE = 2.83 X 10
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TABLE 6
DATA FOR TOE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
















SLOPE = .71 X 10
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TABLE 7
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 7.5 X lO'^ M ADP,















SLOPE = .35 X 10
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TABLE 8
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 7.5 X 10~^ M ADP,

















SLOPE = .87 X 10"^
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TABLE 9
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 7.5 X 10~^ M ADP
















SLOPE = .86 X 10
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TABLE 10
THE RATE OF VARYING CONCENTRATIONS OF ADP A^^D POLYLYSINE
POLYLYSINE (M) ADP CM) RATE (AOD SEC
«... .99 X 10"^
— 9.5 X 10-= 2.0 X 10“^
— 1.8 X 10“^ 2.45 X 10*^
--- 3.7 X 10-= 2.60 X 10"^
— 7.5 X 10“^ 2.83 X 10'^
6.25 X 10-^ — *
6.25 X 10-« 9.5 X 10-= it
6.25 X 10-« 1.8 X 10'^ it
6.25 X 10-^ 3.7 X 10~^ it
6.25 X 10-« 7.5 X 10"^ .879 X lO"'
1.25 X 10-5 — *
1.25 X 10’^ 9.5 X 10-" ★
1.25 X 10-= 1.8 X 10"^ it
1.25 X 10-= 3.7 X 10-= it
1.25 X 10“^ 7.5 X 10-= .86 X 10'^
2.50 X 10-= --- it
2.50 X 10"^ 9.5 X 10-= it
2.50 X 10"^ 1.8 X 10"^ ★
2.50 X 10’^ 3.7 X 10"^ ★
2.50 X 10"^ 7.5 X 10-= .71 X 10"^
5.0 X 10'^ M « ★
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TABLE 10 CONTINUED





































SLOPE = .70 X 10
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TABLE 12
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C















SLOPE = 1 X 10
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TABLE 13
DATA FOR THE SLOPE OF TOE OXIDATION OF FERRQCYTOCHROME C















SLOPE = 1.24 X 10'^
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TABLE 14
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C











SLOPE = 1.4.2 X 10"^
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TABLE 15
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C









SLOPE = 2.80 X 10"^
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TABLE 16
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 1.8 X 10~^ M ATP









SLOPE = .58 X 10'^
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TABLE 17
DATA FOR 'THE SLOPE OF THE OXIDATION OF FERRQCYTOCHRQME C
BY CYTOCHROME OXIDASE 3.7 X lO'^ M ATP















SLOPE = .74 X lo"^
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TABLE 18
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY THE CYTOCHROME OXIDASE 7.5 X 10~^ M ATP















SLOPE = 1.20 X 10
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TABLE 19
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 1.8 X 10~^ M ATP


















DATA FOR THE SLOPE OF TOE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 3.7 X 10~^ M ATP















SLOPE = .5 X 10“^
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TABLE 21
DATA FOR TOE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 7.5 X 10~^ M ATP















SLOPE = 1.39 X 10“^
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TABLE 22
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 9.5 X lO'^ M ATP
















SLOPE = .15 X 10
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TABLE 23
DATA FOR THE SLOPE OF TOE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 1,8 X lO'^ M ATP

















SLOPE = .51 X 10
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TABLE 24
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 3.7 X lO'^ M ATP















SLOPE = .61 X 10
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TABLE 25
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 7.5 X 10~^ M ATP















SLOPE = .84 X 10
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TABLE 26
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 1.8 X 10~^ M ATP















SLOPE = .22.x 10
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TABLE 27
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C















SLOPE = .51 X 10'^
53
TABLE 28
DATA FOR THE SLOPE OF THE OXIDATION OF FERROCYTOCHROME C
BY CYTOCHROME OXIDASE 7.5 X lO'^ MATP
































THE RATES OF VARYING CONCENTRATIONS OF ATP AND POLYLYSINE
POLYLYSINE CM) ATP CM) RATE CAOD SEC
.70 X 10'^
--- 9.5 X 10“^ 1.0 X 10"^
— 1.8 X 10-5 1.24 X 10'^
— 3.7 X 10"^ 1.4 X 10"^
7.5 X 10“^ 2.8 X 10“^
6.25 X 10-* ... *
6,25 X 10-^ 9.5 X 10-5 .14 X 10'^
6.25 X 10-« 1.8 X 10-5 .58 X 10"^
6.25 X 10-« 3.7 X 10"^ .74 X 10'^
6.25 X i6-« 7.5 X 10-5 1.20 X 10'^
1.25 X 10-5 . — *
1.25 X 10-5 9.5 X 10-5 it
1.25 X 10-5 1.8 X 10-5 .14 X lO'^
1.25 X 10-5 3.7 X 10'^ .5 X 10'^
1.25 X 10-5 7.5 X 10“^ 1.39 X 10"^
2.50 X 10-5 — *
2.50 X 10-5 ■ 9.5 X 10-5 .15 X 10"^
2.50 X 10-5 1.8 X 10’^ .51 X 10'^
2.50 X 10'^ 3.7 X 10-5 .61 X 10'^
2.50 X 10'^ 7.5 X 10"^ .84 X 10"^
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TABLE 29 CONTINUED
POLYLYSINE CM) ATP CM) RATE CAOD SEC.'^)
5.0 X 10"^ ... *
in • o X o
1 in
9.5 X 10-« *
5.0 X 10-= 1.8 X 10-= .22 X 10“^
5.0 X o
1 cn
3.7 X 10-= .51 X 10“^
5.0 X 10"^ 7.5 X 10'^ .76 X 10'^
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Effects of Varying Concentrations of ADP on Cytochrome Oxidase
The ajialysis of the data shows that as the concentration of ADP
increased from 9.4 X 10~^ to 7.5 X 10~^ M the rate of oxidation of
_3
ferrocytochrome c^ by cytochrome oxidase increased from .99 X 10 OD
-1 -3 -1
sec. to 1.83 X 10 OD sec. as seen in Fig. 8 and Table 10.
Effects of Varying Concentrations of Polylysine and ADP on Oxidation
Polylysine inhibited the oxidation of cytochrome c_ as seen in Fig. 8.
This inhibition was reversed by elevated concentration of ADP. This is
evident in Fig. 8 and Tables 1-10. It is further revealed that ADP at
concentration less than 7.5 X lO'^ M was without effect in terms of
the reversal of the polylysine inhibition, in which no rate was obtained.
In the absence of polylysine the activity of the enzyme was greatly
enhanced by all concentrations X lO”^ M - 7.5 X lO"^ M) of ADP
used. Figures 9 and 10 illustrate the spectra kinetics of the inhibitory
effect of polylysine and the reversal effects of ADP.
Effects of Varying Concentrations of Polylysine and ATP on Oxidation
of Cytochrome c
The rate of oxidation of ferrocytochrome £ by cytochrome oxidase
increased as the concentration of ATP increased in the absence of
polylysine as seen in the uppermost tracing (A) of Fig. 11 and Table 28.
Effects of Varying Concentrations of ATP on Cytochrome Oxidase
Figure 11 and Table 28 show that ATP had a greater ability to
reverse the inhibition of cytochrome £ oxidase by polylysine.
When polylysine was added, it can be seen in Fig. 11 that with
6.25 X lO"^ M polylysine caused 100% inhibition of the enzyme reaction.
ATP at all concentrations was able to overcome this inhibition.
Figure 8. Effects of varying concentrations of polylysine and ADP
on oxidation of cytochrome £.
Key
• A cyt aa^
“6 *
0 B cyt aa^ + 6.25 X 10~ M polylysine
A C cyt aa^ + 1.25 X lO"^ M polylysine
Q D cyt aa^ + 2.50 X 10“^ M polylysine














Figure 9. Spectra kinetics of the inhibitory effect of polylysine (A),




Figure 10. Spectra kinetics comparison of cytochrome oxidase + ADP (A),


































































Figure 11. Effects of varying concentrations of polylysine and ATP
on oxidation of cytochrome c.
• A cyt aa^
0 B cyt aa^
A C cyt aa^
Q D cyt















At higher polylysine concentrations it requires higher
concentration of ATP to overcome the inhibition. A Lineweaver Burke
double reciprocal plot of these data would be fruitless since only one
fixed concentration of ferrocytochrome c was used.
It is noteworthy that ATP had a stimulatory effect on the enzyme
reaction such that at 7.5 X lO”^ M, the rate was 400% of the rate in the
absence of polylysine.
Demonstrations of the kinetic curves of the effects of polylysine
and ATP are seen in Fig. 11.
Effects of Cyanide
Cyanide inhibition of cytochrome c oxidase is illustrated in Figs.
12 and 13.
Neither ATP nor ADP had any effect on the cyanide inhibition of
c)^ochrome oxidase.
The attempt to demonstrate a reaction of cyanide poisoned
cytochrome c_ oxidase by the nitrite anion was unsuccessful because the
2+ 3+
nitrite must first convert hemoglobin from Fe Fe (methemoglobin)
in vivo and it is the methemoglobin that is responsible for binding
cyanide. Since the color of hemoglobin interferes strongly wdth the
spectrophotometric procedure, it was impossible to use methemoglobin
to remove cyanide from cytochrome c oxidase.
Figure 12. Spectra kinetics of the inhibitory effect of cyanide on
cytochrome oxidase.
CN|vO





The present study investigated and gathered profiles of kinetic
properties of the holoenzyme cytochrome c_ oxidase purified from beef
brain mitochondria. Warburg (1924) was the first to suggest that
cytochrome oxidase is a heme protein, and that a reduced iron-
containing enzyme should be the point of attachment for cyanide. The
role of iron in biological oxidation was found largely on the inhibitory
effect of cyanide on respiration (Warburg 1924). Polylysine has been
demonstrated in this investigation to have a reversible inhibitory effect
on the cytochrome c_ oxidase, however, in the case of cyanide its
inhibition is not reversible.
Warburg (1924) was the first to suggest that a reduced iron-
containing enzyme should be the point of attachment of carbon monoxide.
The actual combination of reduced cytochrome £ oxidase with carbon
monoxide was demonstrated by Keilin and Hartree (1939) who found a
partial shift in the spectrum of a heart muscle preparation with new
bands at 432 nm and 590 nm. These bands correspond to two of the
principal peaks found by Warburg for the yeast enzyme, and partial shift
in the spectrum have been confirmed by Ball, et al. (1951) .
Warburg's theory of the role of iron in biological oxidation was
found largely on the inhibitory effect of cyanide on respiration
(Warburg, 1924). In 1927, Warburg concluded that cyanide combines with
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the oxidized form of the enzyme. He found that the degree of inhibition
by cyanide was independent of oxygen tension, therefore, cyanide and
oxygen were competing for the reduced form of the enzyme. It is
suggested that cyanide combines principally with the heme and oxygen
with the copper, therefore, there are two binding sites for cyanide in
a cytochrome £ - cytochrome £ oxidase mixture and that each site may
control the transfer of two electrons each.
There is evidence that cytochrome £ oxidase isolated from beef
brain mitochondria is of high purity containing two spectroscopically
distinguished entities (cytochrome £ and cytochrome £2^ as shown by
different spectrum. Beef brain cytochrome £ and cytochrome are
spectrophotometrically separated from each other in the different
spectra, the result of which prove that about half of the peak at 445 nm
in the spectrum of cytochrome £ and £2 is attributed to reduced £, while
the other half is attributed to reduced £2. The separated spectrum of
cyanide-reduced cytochrome £2 shows clear maxima at 452 nm and 590 nm.
The reaction of oxidation of ferrocytochrome £ measured
spectrophotometrically obeys first order reaction kinetics. Ferro¬
cytochrome £ donate electrons directly to cytochrome £ oxidase, and the
rate of oxidation of ferrocytochrome £ is followed spectrophotometrically.
Since cytochrome £ oxidase contains copper in addition to heme iron, the
electron transfer reactions of hemoprotein of the respiratory chain can
be divided into categories of intermolecular electron transfer within
cytochrome £ oxidase itself, or most appropriately reactions between
the cytochrome £2 and its associated copper Ca2Cu^^) and oxygen. Chance,
et al. (1975) disclosed that cytochrome £ donate electrons to cyto¬
chrome £ and its associated (aCu^^) . The copper in cytochrome £2(a2CUg^ )
•66-
serves as intermediate electron donor to both oxygen and cytochrome a
CaCua).
Beef brain cytochrome £ oxidase reaction is inhibited by cyanide.
Cyanide binds with cytochrome a^ and prevent electron transfer to
molecular oxygen in the formation of water. On the other hand, poly¬
lysine reversibly inhibits cytochrome c_ oxidase.
It now seems well established that cytochrome £ oxidase from the
beef brain contains seven polypeptide subunits (Kukoyi 1983). The
subunit protein composition of the enzyme was studied by polyacrylamide
gel electrophoresis in the presence of the depolymerizing agent sodium
dodecyl sulfate (SDS). Similar results have been reported by Mason, et
al. (1973) from yeast cytochrome £ oxidase which contained seven poly¬
peptide subunits.
The results obtained in this study may be correlated with those of
other investigators. Beef brain cytochrome £ oxidase exhibits the same
basic catalytic activities as reported by Waino (1955), Sezuku, et al.
(1959) and Yonetani (1960). Our experiments did reveal that increasing
concentrations of ADP and ATP stimulated the rate of cytochrome £




1. The effects of cyanide and different concentrations of polylysine,
ADP and ATP on the catalytic holoenzyme cytochrome £ oxidase from
beef brain have now been obtained. A number of kinetic studies
reported thus far seem to be on the bovine heart, liver and from
yeast cytochrome £ oxidase. There is no doubt that copper and iron
played a major role in oxido-reduction of the native enzyme, and that
cyanide binds to iron in the cytochrome oxidase to prevent electron
transfer to the molecular oxygen in the formation of water. Cytochrome
£ transfer its electron to cytochrome oxidase in the kinetic studies
and this was followed spectrophotometrically. The data reported
herein indicated that the reaction follows first order kinetics.
2. Polylysine, a polyvalent cation has been shown to have a
reversible inhibitory effect on the catalytically active cytochrome
oxidase when ADP or ATP are present. The kinetic results obtained
were in agreement with those obtained by Miller, et al. (1976). Use
of different experimental concentrations of polylysine and varying
concentrations of ADP and ATP showed graphically the inhibition by
polylysine and the reversal by ADP and ATP.
3. The procedure and techniques for the isolation and quantitative
determination of mitochondrial hemoproteins preparations according
to the method developed by Moore, et al. (1973) yielded a solution
of high optical purity.
67
68
From the evidence presented, it can be concluded that cytochrome c
oxidase isolated and purified from beef brain possessed many
characteristics of the cytochrome c_ oxidase isolated from and
studied in other mammalian and non-mammalian tissues.
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